It has revolutionized the practice of diagnostic immunohistochemical analysis, permitting the use of a much wider range of monoclonal and polyclonal antibodies on deparaffinized, formalin-fixed tissue samples, and it has profoundly increased the sensitivity of many other antibodies, dramatically altering our previous notions of selected antibody sensitivity and specificity. Yet while we immunohistochemists use it all the time, our knowledge of why or how it works is rudimentary at best and probably wrong at worst. Of course, the subject is antigen (or epitope) retrieval, a technique introduced in the seminal publication of Shi and colleagues 13 years ago. 1 Somewhat ironically, after railing for years against the dangers of excessive heat, eg, during tissue processing or slide drying, immunohistochemists started advocating the application of 100°C heat to enhance-and even permit-immunohistochemical staining in the context of deparaffinized, formalin-fixed tissues. During the past decade and a half, antigen-and epitoperetrieval techniques have had such a profound effect on diagnostic immunohistochemical analysis that the published literature must be divided into the "pre-antigen-epitope retrieval" and "post-antigen-epitope retrieval" eras, with the dividing line in the early 1990s. Indeed, reported antibody sensitivity and specificity results as published in the pre-antigen-epitope retrieval era should be viewed with great caution and skepticism.
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While Shi and coworkers 1 initially speculated that the phenomenon of what they termed antigen retrieval was mediated by a combination of heat and metal ions present in the buffer solutions, subsequent studies have amply demonstrated that it was the heat and not the metal ions that were instrumental. 2 A plethora of techniques for application of heat, eg, microwave ovens, pressure cookers, autoclaves, and water baths, have been used with great success in buffers of many types, including those without metal ions. But the nagging question remains: How on earth could the application of heat, which might be expected to further denature the proteins in tissue, enhance tissue immunoreactivity?
One clue to the mechanisms of epitope retrieval has come from additional studies performed by Shi and colleagues, 3 wherein it was demonstrated that different antigens seemed to be enhanced by buffers of different pH. Some antibodies perform well throughout a wide pH range, whereas others seem to require a very low or a very high pH. Clearly, pH is a player, but this has proved to be only part of the story.
Changes in the composition of the buffer other than those affecting pH can have dramatic effects on the efficacy of the antigen-epitope retrieval technique and even can abrogate the entire process. Here is an interesting and revealing experiment that many might find intriguing: Use duplicate slides and the standard MIB-1 clone for the identification of proliferating cells in deparaffinized, formalinfixed human tonsil or lymph node specimen and add a 10-mmol/L concentration of calcium chloride to the standard 0.01-mol/L concentration of citrate buffer, pH 6, in which only 1 of the 2 slides incubates during the microwave heating step. Both slides will have been exposed to the identical heat and identical pH 6 citrate buffer, but there will be no immunostaining signal on the slide in which molar excesses of Ca ++ were present. This phenomenon was first described by Morgan et al, 4 who speculated that chelation or precipitation of tissue-bound calcium ions was a critical step in antigen-epitope retrieval. However, subsequent studies have demonstrated that this Ca ++ effect is selective for certain antigens and antibodies 5 and, therefore, cannot be considered a universal effect.
There have been other speculations about the mechanisms of epitope retrieval, including the mobilization of trace amounts of paraffin still remaining in the tissue section and even some sort of "homeopathic" principles (ie, a little bit of a bad thing can be good). However, it generally is considered most likely that breaking of formalin-induced protein crosslinkages is fundamental to the epitope-retrieval technique and that the role of heat is merely that of an accelerant. In this issue of the Journal is a fascinating article by Sompuram and colleagues 6 that addresses this issue.
By using the technique of phage display, which permits the generation of small (approximately 20-mer) peptides that mimic the binding sites of commercially available antibodies to estrogen receptor, progesterone receptor, p53, Ki-67 antigen, and HER-2/neu, Sompuram et al 6 have demonstrated that these peptides, covalently coupled to the isocyanate-derivatized glass surface of microscopic slides, can be used as tools to study the epitope-retrieval phenomenon. (This same technique previously has been demonstrated to provide quantitative and highly reproducible positive controls for immunohistochemical analysis. 7 )
In the present study by Sompuram et al, 6 following formalin fixation, some of the mimicking immobilized peptides apparently also mimicked the loss of reactivity seen with the corresponding molecules in formalin-fixed, embedded tissue samples. The wonderfully mysterious finding of Sompuram et al, however, is their identification of 3 "classes" of peptides: those in which antibody reactivity was unaffected by formalin fixation; those in which reactivity was abrogated by formalin fixation (but brought back by antigen-epitope retrieval); and those that displayed loss of reactivity to formalin fixation only when accompanied by other (irrelevant) proteins. (As an aside, because the process, as described by Sompuram and colleagues, is specific for the small peptide used, their work further supports the nomenclature of epitope retrieval rather than antigen retrieval, but it is difficult to replace the term antigen retrieval that has been, pardon the expression, "fixed" in the literature.)
Lurking behind all these studies is the hope that through an understanding of the mechanism of antigen-epitope retrieval will come an "unmasking" of the mysteries of formalin fixation itself. Despite the incredibly high affinity of pathologists for formalin for more than 100 years, it is remarkable that there still is not universal agreement about the mechanisms of this fixation process, and these disagreements have come to the fore in the wake of the success of epitope-retrieval techniques.
The mechanism of formaldehyde-based fixation has long been considered the formation of cross-links of amino groups on adjacent molecules, with the formation of methylene bridges, as well as other types of bridging links. 8, 9 It also has been known that the kinetics of formalin fixation are such that the process generally requires 24 to 48 hours to go to completion. Sompuram and colleagues, 6 in looking further at the amino acid sequence of the phage-selected peptides, believe that fixation and antigen-epitope retrieval might be associated with specific amino acids in specific locations. (Like a film critic, however, I won't reveal the "punch line" of the story in this editorial; I urge you to read the article itself.)
Sompuram et al, 6 however, might be overstating their case in attempting to draw analogies between their immobilized peptide system and the "real world" of deparaffinized, formalin-fixed tissue sections. For example, they found that the MIB-1 antibody to the Ki-67 antigen is a member of their "group III" antibodies requiring no epitope retrieval to yield a signal in formalin-fixed, immobilized peptides; unfortunately, this antibody clearly requires pretreatment to work in deparaffinized, formalinfixed tissue sections. And while Sompuram and colleagues claim that the time course for formalin-based fixation in the context of their immobilized peptides (6-16 hours) is similar to that of tissue-based fixation, in fact, that time frame is substantially shorter than that required for formalin fixation in tissue samples, although tissue sample size is clearly a confounding variable. And while Sompuram et al found that raising the temperature of the formalin to 42°C significantly reduced the time course of fixation in the immobilized peptides, this is merely the laws of thermodynamics at work and not a validation of their postulated mechanism.
These concerns notwithstanding, Sompuram and colleagues 6 are to be commended for their insightful studies; hopefully they and others will pursue further studies to further elucidate the phenomena of formalin fixation and its reversal by antigen-epitope retrieval. I suspect that, like the proverbial blind men examining the elephant, Sompuram et al, Morgan et al, 4 and others have all identified some key mechanisms in the process of formalin fixation and its "undoing" in the context of antigen-epitope retrieval. We would be deluding ourselves, however, to think that the formalin-fixation process, wrapped in mystery for all these decades, can be explained by a single phenomenon. Simple answers to complex problems might, to paraphrase George Bernard Shaw (writing about democracy in Misalliance), "read better than they act." 
